INTRODUCTION {#s1}
============

Bladder cancer is the fifth most common malignancy in the United States \[[@R1]\]. In 2016, more than 76,000 new cases of bladder neoplasms were diagnosed in the United States \[[@R1]\]. Seventy-five percent of new tumors are non-muscle invasive bladder cancers (NMIBC) most of which are urothelial cell carcinomas \[[@R2]\]. Seventy percent of non-muscle-invasive bladder cancers are Ta and non-invasive, low-grade tumors have a high 5-year recurrence rate (31 to 78%), low risk of progression to high-grade disease, and require cystoscopy for detection of tumor recurrence \[[@R3]--[@R6]\]. Grade progression specifically is a critical transition point in urothelial carcinomas, with true low grade malignancies having a very low metastatic potential while high grade tumors, even those progressing from low grade, carry significant risk of morbidity and mortality \[[@R7]\]. This paradox of high recurrence and low risk of disease progression in initial low grade bladder tumors contributes to surveillance regimens that appear ineffective at identifying at-risk patients and at care costs that are among the highest on a per-patient basis \[[@R8]\]. Previous studies have examined urothelial carcinoma genetics in recurrence using earlier techniques or with an emphasis on multiple synchronous tumors \[[@R9]--[@R11]\].

Improvements in future management depend on identifying factors that can triage patients that require intensive follow-up versus those that are at low risk of disease progression. One of the challenges is predicting which patients will develop high grade disease since low grade non-invasive tumors are not lethal but high grade tumors can metastasize leading to death. To date, there is not a validated genomic predictor panel for patients at risk of low-to high-grade disease progression. A key question that arises is whether disease progression is a consequence of true progression from low-to high-grade disease or if a second primary event occurs due to changes in the urothelium from carcinogen exposure. We sought to study this question through whole exome interrogation of patients with low-grade tumors that subsequently developed high grade disease to identify potential predictors of disease progression. We also compared mutations in these tumors to low grade tumors in patients that did not progress.

RESULTS {#s2}
=======

We sequenced the exomes of 27 samples that comprised matched germline (buffy coat), low grade tumor and high grade tumor samples with median followup of 19 months for progressors and median non-progressor followup of 51 months. These samples were as follows: five patients (PT1-5) with grade progression (five low grade and five high grade tumors sequenced) and six patients with (PT6-11) recurrent low grade tumors (initial low grade tumors sequenced). The median age at initial diagnosis for patients with progression was 68 (range 34 to 86) and without progression was 57 (range 55 to 65). Gender distribution was 73% (8 of 11) male. Of the patients who progressed from low grade Ta, the stages and grades of tumors they progressed to was as follows: high-grade Ta (*n* = 2), carcinoma-in-situ (*n* = 1), high-grade T1 (*n* = 1) and high-grade T2 (*n* = 1). For patients without grade progression the median number of recurrences was 2 (range 1 to 5) with a median followup of 51 months (range 17 to 56). Additional clinicopathologic data including grade, stage, risk factors and tumor location at surgery are contained in [Supplementary Table 1](#SD1){ref-type="supplementary-material"}. Representative histologies for initial Ta low grade and subsequent high grade lesions in these patients are presented as Figure [1](#F1){ref-type="fig"}. We found the exome data of excellent quality in terms of coverage (e.g. average of at least 20X coverage of the targeted bases is 96.9%) for all samples (see [Supplementary Table 2](#SD1){ref-type="supplementary-material"}), which is in particular critical for DNA obtained from FFPE samples.

![Representative micrographs of patients with progression (top low grade initial diagnoses, bottom high grade recurrences)](oncotarget-09-9415-g001){#F1}

The unsupervised clustering of genetic similarity based on shared mutated genes or single nucleotide variants (SNVs, i.e. somatic point mutations) of the tumors revealed that for three of the tumor pairs the low grade and high grade had a high degree of genetic similarity (Figure [2](#F2){ref-type="fig"}). While the small sample numbers limit the power of statistical analysis, we found a similar number of somatic mutations in the low grade and high grade of these matched pairs with proposed common origin of which at least \~50% were shared, while the two sample pairs with proposed independent origin differed markedly in the number of somatic mutations (Figure [3](#F3){ref-type="fig"}). One subject (patient \#4) displayed some characteristics of both independent and common origin with 15 SNVs common to both tumors. We further investigated this by examining the common genes affected by these SNVs ([Supplementary Table 3](#SD1){ref-type="supplementary-material"}). To our knowledge one of these genes, STAG2, would be relevant to oncogenesis within urothelial carcinoma but has not been described as a driver mutation. The final stage to which these tumors progressed did not appear to correlate with independent or common origin; common origin patients progressed to high-grade Ta (*n* = 2) and high-grade T1 (n = 1) tumors and independent origin patients progressed to CIS (*n* = 1) and T2 (*n* = 1) tumors.

![Heat maps of overlapping mutations found in cohort](oncotarget-09-9415-g002){#F2}

![Venn diagrams of overlapping mutations in patients with grade progression](oncotarget-09-9415-g003){#F3}

When we analyzed the impact of the point mutations on gene products we found that most SNVs were non-synonymous (Figure [4](#F4){ref-type="fig"}), which is commonly observed for most solid tumors where passenger mutations are prevalent.

![Mutation types for the patient cohort](oncotarget-09-9415-g004){#F4}

In patients who progressed from low grade to high grade tumors, twenty mutually exclusive (present in most low grade that progressed but not present in any recurrent low grade who did not progress) gene alterations were noted. A visual representation of temporal progression is presented as Figure [5](#F5){ref-type="fig"}. Conversely, fewer gene alterations were mutually exclusive to recurrent low grade tumors (found in patients with low grade tumors which recurred as low grade but not found in low grade tumors that progressed). These are summarized in Table [1](#T1){ref-type="table"}. Multiple mutually exclusive genes were found mutated only in progressors and, conversely, only in non-progressors. The largest differences were found in the following genes, with their number of mutations in progressors and non-progressors listed in parentheses: FBN3 (5,0), CIT (4,0), HECTD4 (4,0), COL22A1 (0,3), ATP13A5 (0,3) and FAM186A (0,3). Specific breakdown of gene function class is presented in Table [2](#T2){ref-type="table"}. The most frequently noted classes mutated in subsequently-progressive low grade tumors but not in non-progressive tumors were mutations in cytoskeletal and cell cycle regulation genes.

![Time course for patients with progression](oncotarget-09-9415-g005){#F5}

###### Mutually exclusive gene mutations for progressors and non-progressors

  Mutually exclusive genes occurring in majority (3 or greater) samples assessed           
  -------------------------------------------------------------------------------- --- --- ----------
  FBN3                                                                             5   0   19p13.2
  CIT                                                                              4   0   12q24.23
  HECTD4                                                                           4   0   12q24.13
  ATR                                                                              3   0   3q23
  BAHCC1                                                                           3   0   17q25.3
  DOCK2                                                                            3   0   5q35.1
  MICAL3                                                                           3   0   22q11.21
  TECPR2                                                                           3   0   14q34.31
  WDR4                                                                             3   0   21q22.3
  C1orf112                                                                         3   0   1q24.2
  CTNNA1                                                                           3   0   5q31.2
  ENGASE                                                                           3   0   17q25.3
  GTF3C1                                                                           3   0   16p12.1
  HSPG2                                                                            3   0   1p36.12
  ICAM5                                                                            3   0   19p13.2
  MAP4                                                                             3   0   3p21.31
  MOCOS                                                                            3   0   18q12.2
  POSTN                                                                            3   0   13q13.3
  HDAC9                                                                            3   0   7p21.1
  UTRN                                                                             3   0   6q24.2
  COL22A1                                                                          0   3   8q24.23
  ATP13A5                                                                          0   3   3q29
  FAM186A                                                                          0   3   12q13.12

###### Types of genes mutated in initial low grade urothelial tumors that progressed

  Mutations Exclusive to Tumors with Grade Progression              
  ------------------------------------------------------ ---------- --
                                                         BAHCC1     
                                                         DOCK2      
                                                         CTNNA1     
                                                         HSPG2      
                                                         ICAM5      
                                                         POSTN      
                                                         UTRN       
  **Cell Cycle and Transcription Regulation**            CIT        
                                                         ATR        
                                                         MICAL3     
                                                         WDR4       
                                                         GTF3C1     
                                                         MAP4       
                                                         HDAC9      
  **Transmembrane and Signaling**                        HECTD4     
                                                         MOCOS      
  **Autophagy and Lysis**                                TECPR2     
                                                         ENGASE     
  **Uncharacterized**                                    C1orf112   

DISCUSSION {#s3}
==========

Non-muscle invasive bladder cancer (NMIBC) is subdivided into 2 unique groups on the basis of observed phenotypic appearance. The first group, low grade noninvasive (Ta) UCB have a typical papillary appearance and recur frequently with a small percentage progressing to a higher stage. These tumors are characterized by oncogenic mutations in *FGFR3, H-RAS,* and *PI3KCA* \[[@R2], [@R12]\]. High-grade papillary lesions are typified by deletions in chromosome 9q and mutations in *INK4A* and have an increased rate of progression to invasive disease in comparison to low-grade disease \[[@R2]\]. The second group consists of carcinoma *in situ* (CIS), a high-grade lesion characterized by *TP53* and *p21* mutations with a 60-80% progression rate to invasive disease involving *RB* and *p16* (T1-T4) \[[@R2]\]. A visualization of this is shown in Figure [6](#F6){ref-type="fig"}.

![A potential genetic pathway for the generation of high-grade, invasive urothelial carcinomas](oncotarget-09-9415-g006){#F6}

For bladder cancer, grade is more important than stage in predicting tumor progression. Specific molecular events may be responsible for the transition between low- and high-grade disease within the spectrum of noninvasive papillary urothelial carcinomas. Despite the identification of these molecular alterations inherent to each subtype of bladder cancer, there is a lack of understanding of the molecular events that underlie the transition from low- to high-grade disease. It is possible that low grade tumors develop new mutations that result in a transition to HG disease. Prior studies have examined phylogenetic trees of disease evolution in urothelial carcinoma and found longer ancestral branches in non-progressive disease, consistent with a higher proportion of field mutations in these tumors \[[@R13]\]. However, there is also a possibility that second primary tumors develop independent of the original low grade tumor as a consequence of the underlying exposure of the entire urothelium to carcinogens.

Using paired, same-patient samples, we identified that both of these hypotheses occur with transition of some LG tumors to high grade disease with a high concordance of mutations. Similarly, some patients exhibited mostly unique mutations with little similarity between the LG and HG tumors. Due to the small number of tumors it is not possible to determine if there is a common mutation that can predict the likelihood of a progression event which is rare for LG tumors occurring less than 5% of the time.

However, in patients who progressed from low grade to high grade tumors, twenty mutually exclusive (present in most low grade that progressed but not present in any recurrent low grade who did not progress) gene alterations were noted. Future directions may include interrogating larger numbers of paired sample and further validation of overlapping sets of mutations.

Percentage of targeted bases at 20X coverage is a commonly used quality measure for exome sequencing with values \> 90% considered excellent. The mean coverage of our exome sequence data was \~130X and our percentage of 50X coverage was 85.6%, which conforms to the requirements of deep exome coverage. We are confident that our whole exome data has sufficient coverage for the mutation analysis performed in this study.

Genomic-based signatures aimed at identifying bladder cancer patients at risk for recurrence have been evaluated since 2006. Early efforts used an oligonucleotide array on 105 bladder tumors and predicted overall survival in all bladder cancer patients in the study and those with muscle-invasive disease \[[@R14]\]. A 4-marker panel was shown to detect differences in recurrence and survival across all stages of urothelial bladder cancer, with a similar approach used in a 24-gene panel and multivariable analysis which identified predictors of recurrence and progression in patients presenting initially with high-grade Ta tumors \[[@R15], [@R16]\]. Other studies used high-throughput profiling strategies to detect gene signatures of disease progression from NMIBC to muscle-invasive disease \[[@R17]\]. More recently, GenomeDx Biosciences has developed a genomic classifier, KNN51, to predict lymph node metastasis during radical cystectomy in patients with muscle-invasive bladder cancer. Early studies indicate that the KNN51 genomic classifier outperforms clinical classifiers \[[@R18]\]. In NMIBC, the combination of common SNPs and clinicopathologic parameters slightly improved prediction of time-to-first-recurrence, but not time-to-progression \[[@R19]\]. These studies indicate that investigations of muscle invasive disease are well-underway and more studies are needed to understand NMIBC especially LG disease which while rarely fatal is common. Recently, sequencing techniques have evolved to allow greater interrogation of cellular genetic and transcription status, even in tissue that is archival. In 2014 Liu et al published their results using RNAseq on archival urothelial tumors fixed in paraffin and were able to demonstrate a high correlation with fresh tissue and differential homogeneity between high and low grade tumors \[[@R20]\]. Similar techniques were used in recently presented work on non-muscle invasive bladder cancer which compared genomic characterization of these tumors to histologic assessment with respect to reproducibility and ultimate clinical outcomes. The authors identified three distinct molecular classes of NMIBC which were more readily reproducible than standard pathologic analysis and tracked well with actual tumor behavior \[[@R21]\].

Low-grade, stage Ta tumors are rarely life-threatening. 70% of patients experience recurrent low-grade tumors, with low rates of progression, 5--15%, to a higher grade or stage \[[@R2], [@R22]\]. Hernandez et al reported a median follow-up of 6 years for patients undergoing active surveillance, with 79.3% patients that had not progressed in grade and 86.4% had not progressed in stage \[[@R4]\]. However, routine surveillance with cystoscopy remains the mainstay for detection of the minority of patients that may develop recurrence or progression. The high cost of surveillance makes bladder cancer the most costly cancer among the elderly, with approximately \$4 billion in treatment costs \[[@R23], [@R24]\].

Previous studies have found cost-savings when alternating the use of urine tumor markers with cystoscopy and cytology \[[@R25]\]. In comparison, the addition of urine tumor markers, FISH, and cytology to cystoscopy increased costs without improving the sensitivity of detecting invasive disease \[[@R8]\]. The use of predictive markers in clinical decisions for urothelial bladder cancer has been slow due to inadequate independent validation, lack of reference standards, and limited prospective randomized trials. In this study, we report on the major mutational events responsible for the highly recurrent low-grade tumors of NMIBC and contribute to the field of genomic tools that can be used in future validation.

This study provides early information about gene mutations from a small cohort and therefore may be subject to several limitations. We were unable to examine time-based changes in mutational burden except at the two discreet time points examined. This lack of granularity cannot rule out distant common origin from a field defect for tumors believed to be of independent origin, especially mutations that may be germaine to etiologic agents like smoking. We recognize the small number of patients evaluated which is in large part due to the uncommon nature of progression in low grade disease. However, since this is the most important risk for lethality in a low grade patient it is important to evaluate this question. Even with small numbers of patients, we found distinct differences between those patients with rare common mutations and those with very high proportion of common mutations. A larger sample size would help elucidate the frequency of having true tumor progression versus de-novo growth but will not negate the finding of both possibilities. In using whole exome analysis on a discovery cohort, there is an intrinsic risk of overfitting. Further multi-institutional validation studies will be needed to determine which genes identified, if any, represent an optimal predictor panel. Further avenues for study could also include serial sequencing of multiply recurrent low grade tumors with or without progression to further elucidate a potentially targetable turning point in the progression of urothelial carcinomas. Differential times-to-event for the patients with progression events could also confound the identification of patients with de novo tumors versus true tumor progression.

Further research into a potential prognostic tool would require either a prospective analysis or a multi-institution validation cohort. A prospective study may not be feasible due to the practical hurdles of accrual (between ten and 50 times the number of patients would need to be enrolled per rare progression event) and the significant monitoring lead time to identify progressors. Resources may limit performance of such a study. A multi-institution validation cohort may be better suited to the issues at hand, namely identifying which genes in this initial study are truly predictive and which may represent overfitting.

MATERIALS AND METHODS {#s4}
=====================

This was an institutional review board approved study {#s4_1}
-----------------------------------------------------

Patients with initial low-grade tumors who had a subsequent high-grade tumor recurrence (progression cohort) or recurrent low grade tumors (control cohort) were identified from a retrospective bladder cancer database from 2006 to 2016. Patients were identified as low or high grade using World Health Organization 2004 criteria. A total of 322 patients were screened with initial diagnosis of non-muscle-invasive disease and seven patients were identified as having progression from low-grade to high-grade disease, as well as six with recurrent low grade tumors only. In order to be eligible for analysis there needed to be sufficient tissue from both the low grade and high grade tumor as well as ability to obtain a blood sample to obtain normal DNA for analysis.

Five progression patients and six non-progressors were alive, had available tissue and blood, and were able to give consent and agreed to participate. Clinicopathologic data including date of diagnosis, operative management, pathologic cell type (to exclude variant histologies), pathologic stage and grade, and time for progression from initial low-grade to high-grade disease were reviewed. Time to progression was defined as the time between resection of an initial low-grade tumor to resection of a subsequent high-grade tumor. Diagnostic formalin fixed paraffin embedded tissue blocks were obtained from the Department of Pathology at the University of Texas Southwestern Medical Center, and DNA was extracted for whole exome sequencing. Buffy coat was retrieved from blood samples given for the study.

Exome sequencing was performed by the McDermott Next-Generation Sequencing Core at UT Southwestern. Sequencing libraries were prepared from 3 μg DNA with the SureSelectXT2 HSQ Reagent kit (Agilent). In brief, first DNA quality was assessed via 1.8% agarose gel and concentration were be quantified with the Qubit^®^ 2.0 Fluorometer (Invitrogen). DNA samples were sheared on the Covaris S-2 sonicator and end repaired. 3› ends of the fragments were adenylated and barcoded with precapture indexing adapters. After amplification and purification, the fragment library size distribution was checked on the Agilent 2100 BioAnalyzer, and concentration was determined by qPCR. Libraries were pooled in equimolar amounts and captured with the SureSelectXT2 Target Enrichment System. After capture and purification, samples were run on the Agilent 2100 BioAnalyzer, and final concentration was determined by qPCR. Samples were run on the Illumina HiSeq2500 using 100 nucleotide paired end SBS chemistry, with \~100-fold coverage across the targeted regions for each sample. Image intensities were processed using the HiSeq Control Software (Illumina) with default settings to generate base calls with quality metrics. Sequence reads were mapped to the reference genome (hg19) using the Burrows-Wheeler Alignment Tool (BWA). Because of the high sequence coverage across targeted regions for each sample, the alignment was processed further using SAM tools and the Genome Analysis Toolkit (Broad Institute) to confidently identify and annotate sequence variation using the RefSeq database. Somatic mutations were identified based on their presence in the tumor samples only, and annotated for their effect on the protein (missense, nonsense, frameshift, splice site) using SIFT, PolyPhen-2, and MuTect. Unsupervised clustering was performed on a correlation matrix computed from presence or absence of point mutations at the SNP level and gene level. Pearson correlation values were used to calculate a distance matrix between samples and hierarchical clustering was performed using the "Ward.D2" method and visualized in a heat map using the "gplots" function in R. Buffy coat was used for subtraction of germline mutations.

CONCLUSIONS {#s5}
===========

Bladder cancer is a disease where focus on molecular alterations can improve future management. Tumor grade progression occurred with both high mutational homology and low mutational homology, which may represent both true tumor progression and de-novo growth, and a unique subsets of genes may be predictive for progression.
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